Possibility of strengthening component synthesis during plasma spraying with application of plasma-chemical reactor is considered. Thermodynamic analysis of systems based on bottled gases N2, CO2, C3H8-C4H10, CH4, as well as air (N2 and O2 mixture) and a number of powder materials was performed. Iron-based materials and powders with sufficiently high titanium content were selected as model ones. Fundamental possibility of producing carbides, nitrides and oxides in the condensed state is demonstrated, ranges of thermodynamic parameters, in which they exist, dependence of synthesized compound content in the system on process temperature, pressure and quantity of initial solid product were established. It is found that organization of spraying process with concurrent synthesis of strengthening components is impossible without availability of objective data on energy capabilities of plasma equipment, consisting of plasmatron-plasmachemical reactor complex. A series of experiments were performed on plasma coating spray-deposition and testing them for abrasive wear. 8 Ref., 6 Figures.
Rising requirements to service properties of parts and structures necessitate application of more complex compositions of materials, from which the functional surface layers are formed. Traditionally, initial material chemical composition is made more complicated by introduction of alloying elements or composite material application [1, 2] . Combination of plasma spraying with purpose-oriented chemical transformations can be an alternative [3] .
Application of complex plasma-forming mixtures provides a potential possibility for running of reactions of interaction of plasma active gas components with the initial material that may result in synthesis of strengthening components in the produced coating [4, 5] . For instance, in [6] ultrafine particles of titanium nitride were found in splats produced with plasma-chemical reactor application under the conditions of supersonic spraying in nitrogen atmosphere. A number of powders were selected, after analyzing the possible variants of formation of strengthening components, which can be synthesized in plasmaforming media of N-C-H-O, N-C-H or N-O system, and taking into account the condition of availability of initial materials, on the base of which synthesis will be performed. These materials are batch produced and are available in the market of Ukraine [7] . They can be conditionally subdivided into four main groups:
• iron-based materials (PZh R3, self-fluxing iron-based), in which iron carbides and, partially, silicon and chromium carbides (in the case of presence of these elements in the initial material) can form; alternatively, the initial material can be strengthened by synthesized iron oxides;
• nickel-based materials (PG-10N-03, PKh40N60, PG-SR3, PG-SR4, PG-19N-01), which have sufficiently high content of carbideforming components -chromium, silicon, boron in their composition;
• materials, containing considerable amount of titanium (PT65Yu35, PN55T45), and in which nitride and carbide synthesis is possible;
• aluminium-based materials (PAD, ASD-T, PT65Yu35, PN70Yu30), in which strengthening components of aluminium oxide can form under certain conditions. Thermodynamic calculations were conducted with application of TERRA software package. Systems, based on the above spraying materials and N 2 , CO 2 , C 3 H 8 -C 4 H 10 , CH bottled gases, as well as air (N 2 and O 2 mixtures), were studied. Fundamental possibility of producing carbides, nitrides and oxides in the condensed state was established, as well as the range of thermodynamic parameters, in which they exist, and dependence of these compounds content in the system on process temperature, pressure and quantity of initial solid product.
Special attention was given to two materials, which had been selected as model ones: iron and nickel-titanium. We will assign Fe 3 C iron carbide as the target product, which will be synthesized at spraying of iron-based powder. Fe 3 C synthesis is possible in the presence of a sufficient amount of carbon in the system and prevention of its binding by plasma medium oxygen. Among the possible variants of reaction medium composition, which were studied, the composition formed by plasma-forming nitrogen and propane turned out to be the most effective. Propane was fed into pre-formed gas-powder flow within the plasma-chemical reactor. Figures 1 and 2 show the dependencies of the yield of iron carbide condensed phase on process temperature and pressure in the reaction volume. Presented dependencies reveal that the temperature range of target product (Fe 3 C condensed phase) yield depends on the content of hydrocarbon gas in the reaction medium. Within this temperature range, the level of target product yield practically does not change.
Temperature range is maximum wide in the case of hydrocarbon gas content of 19-25 wt.% and becomes narrower in the case of going beyond this interval with appearance of explicit maximum of product yield at 1800-1900 K. Exceeding 2500 K temperature level markedly reduces the product yield. It is found that pressure in the zone of plasma-chemical reaction running practically does not influence the target product yield within the process working temperature range, and has a significant influence on temperature range boundaries. Figure 3 shows the dependencies of target product yield on the quantity of loaded initial material under the condition of unchanged quantity of the gaseous phase, and of target product yield on the quantity of hydrocarbon gas, fed into the reaction zone.
Increase of hydrocarbon component content from 8.6 to 12.4 wt.% increases the carbide yield practically 2 times, but further increase of hydrocarbon gas quantity in the system practically does not lead to increase of synthesis process efficiency.
Increase of the quantity of loaded initial material, proceeding from calculation results, reduces the quantity of synthesized product (provided the values of other mode parameters remain unchanged).
Presence of a small (up to 45 wt.%) quantity of titanium in PN55T45 alloy composition creates the prerequisites for possible synthesis of tita- nium nitride (TiN). High activity of titanium makes higher requirements to reaction medium composition. Preliminary estimates show the rationality of application of plasma-forming nitrogen, in order to create the conditions for titanium nitride synthesis, with subsequent addition of reaction nitrogen into the pre-formed gas-powder flow within the plasma-chemical reactor.
According to calculations, temperature range of target product (TiN condensed phase) yield depends on the ratio of interacting solid and gaseous phases, and in the studied range of this ratio change it becomes narrower at lowering of gaseous phase content. Increase of nitrogen content from 75.77 to 86.22 wt.% widens the temperature range by 100 K. In this case, absolute quantity of synthesized nitride will rise.
Pressure increase in the reaction space widens the temperature range of existence of titanium nitride condensed phase. Thus, it is rational to conduct the process of heating of dispersed nickel-titanium material within the plasmachemical reactor at nitrogen content of 75-85 wt.%, in the temperature range of 2000-2400 K and about 0.1 MPa pressure in the reaction medium. Under these conditions, required fixing of synthesized product is performed by feeding hardening nitrogen into the reactor end part.
Process of coating deposition with simultaneous synthesis of strengthening components is implemented in a special spraying device, which consists of plasma sprayer and plasma-chemical reactor, tightly and rigidly combined in one unit.
Initial material together with carrier gas is fed into plasmatron arc channel. A jet of hightemperature gas flows out through outlet electrode orifice into reaction space (within the plasma-chemical reactor), in which the dispersed material is heated and accelerated.
During heating the material of initial particle surface layer evaporates with temperature rise with formation of a vapour cloud around the liquid or ductile core. Additional gas is fed into reaction space behind plasmatron nozzle edge. As a result of interaction with it, synthesis of appropriate chemical compound begins in the vapour phase surrounding the particles. Part of synthesized strengthening component can condense on the surface of carrier-particles, and the other part is in the gaseous phase around the core.
At reaction zone outlet hardening gas is fed into the unit, which, while lowering system temperature, creates the conditions for condensation of formed refractory compound on the surface of carrier-particles. Here, the particle proper remains in the liquid or ductile state, that promotes the process of mixing of the particle liquid surface layer with the condensed compound and coagulation of synthesized ultrafine particles with those of initial material.
Strengthening component composition depends on chemical composition of initial material, plasma, carrier, reaction and hardening gases.
Process of synthesis of coating strengthening components during heating and acceleration of initial material envisages application of plasma generators, capable of creating flows of low-temperature plasma from complex, reactive gaseous plasma-forming mixtures in a broad range of variation of energy parameters, and, in particular, of specific enthalpy. Plasma flow components should take an active part in synthesis, or, at least, not hinder its running.
Successful practical implementation of the process is possible in the case of availability of sufficiently complete data on energy characteristics of the used plasmatron and their interrelation with plasma generation mode parameters. Comprehensive studies of the above characteristics of plasmatrons, generating plasma of N-O-C-H system [8] , allowed application of exactly this gas system for producing strengthened plasma coatings. In the specific case, straight polarity two-electrode plasmatron with stepped anode of up to 35 kW total power was used, which is capable of stable operation in nitrogen, air and mixtures of air with hydrocarbon gases (methane, propane, butane).
Proceeding from the results of these studies, criterial dependence of specific enthalpy on mode and geometrical parameters of plasma sprayer operation was established. This dependence is the basis for preliminary calculation of mode parameters of the process, at which strengthening components synthesis is possible with maximum yield of synthesized product during coating deposition.
In the simplified variant (for the applied design) in the case of air application, the criterial dependence has the following form:
where I is the arc current, A; Q is the plasma gas flow rate, m 3 /h; d 1 
Plasma-chemical reactor is a system of individual sections sequentially and tightly connected to each other. Two kinds of sections were used: sections for feeding reaction gases and feedthrough sections, the purpose of which is creation of a certain reaction volume. Each feed-through section has individual water cooling. Sections for gas feeding are cooled by those gases, which are fed through them. Geometrical dimensions and configuration of all the sections (except for the first one) are unified, that allows changing the reactor overall length by increasing the number of feed-through sections. Accordingly, location of sections for gas feeding within the reactor can be also changed, depending on process requirements.
Longitudinal geometrical size of reactor inner space (time of material particles staying in the reaction zone) is determined by number of sections, used in the structure.
Reaction zone diameter was selected constant, proceeding from preliminary information about the angle of opening of the heterogeneous flow during spraying with the plasmatron of the used design (proceeding from the condition of elimination of dispersed material deposition on the reactor inner wall during the process). Overall schematic of the technological process of spraying practically does not differ from the traditional process of plasma spraying, although its individual stages have certain specific behavioural features.
Typical preparation of initial material usually envisages powder drying and its sieving to remove possible contamination and separation of fractions of a certain range, suitable for forming the coating. The proposed process envisages application of essentially narrower range of possible dimensions of individual particles. Range narrowing improves the stability and predictability of the process of strengthening component synthesis, as it runs in the vapour cloud around the particles. Reduction of initial powder particle size can lead to complete evaporation of the particle, and its increase -to its insufficient heating and slowing down of the process of surface layer evaporation.
Requirements to temperature mode of the base become more stringent. Thermal insulation of the plasma jet from the environment by reactor walls promotes preservation of high level of heat flows to the base at spraying distances. This leads to base overheating, acceleration of the processes of oxide film growing on item surface and, consequently, to lowering of the strength of coating adhesion with the base. In the case of application of gas mixture hydrocarbon components, the fragments of which burn down at reactor outlet during sucking of oxygen from the air, additional measures are required for more intensive cooling of the item as natural cooling becomes insufficient. Here, higher requirements are made to stability of parameters of plasma sprayer and initial material feed system. Random change of carrier gas flow rate and dispersed material quantity disturbs the spatial arrangement of gas-powder flow within the plasma-chemical reactor, leading to powder particle deposition on reactor walls, and destabilizes the process of plasma-chemical synthesis.
The synthesis process is also sensitive to change of working medium energy level and it can be disturbed as a result of instability of sprayer input parameters and electrode fracture because of erosion. The required nominal mode parameters of heterogeneous flow generation (arc current, plasma gas flow rate and its chemical composition, gas pressure, arc channel geometrical dimensions, reaction and hardening gas flow rates) are calculated beforehand.
The main thermodynamic parameters, determining the probability of running of plasmachemical reaction of strengthening component synthesis (in the condensed form), are pressure and weight-average temperature in the reaction space. Temperature, in its turn, is the derivative of the amount of energy, applied to a unit of volume (mass) of reaction medium (specific enthalpy).
Schematic of preliminary determination of mode parameters for conducting the process can be as follows:
• proceeding from analysis of chemical composition of spraying material and assigned strengthening component, element composition of gas system, in which the process is to be implemented, is determined;
• element composition of gas system is provided with application of the respective plasma gas, which contains the chemical elements from the required list, and reaction gas, which with its chemical composition complements the system as to chemical element list and their content;
• thermodynamic calculations of created systems (allowing for solid phase presence) are conducted in a broad range of thermodynamic parameters variation -process pressure and temperature;
• complete range of the above parameter values, in which formation of target product is possible, and values, at which product yield will be maximum, are established;
• required value of considered gas system specific enthalpy is determined (by dependencies similar to those given in Figure 4) , which provides the required process temperature level (in case of ensuring appropriate pressure in reaction space);
• equations of (1)- (4) type are used to determine the required values of mode and geometrical characteristics of the process.
The process of coating spray-deposition begins from starting the plasma sprayer with complete plasma gas mixture or with its main component, at arc current, usually, below the nominal value. After the plasma sprayer has reached the working mode in terms of current, composition and flow rate of plasma gas, feeding of dispersed material into the reaction space begins.
Appearance of heated particle flow at the outlet of plasmatron-reactor system is the signal to start feeding reaction and hardening gases into the reactor. Here, the dimensions and shape of gas flow at reactor outlet change visually (Figure 5).
Functional properties of coatings from iron powder, which at this moment is the cheapest initial material for plasma spraying, can be essentially improved, by adding to coating composition iron carbides or its oxides synthesized during spraying. Selection of reaction medium chemical composition is performed, depending on chemical composition of target product. Thermodynamic calculations confirm the theoretical possibility of carbide synthesis during spraying in a mixture of carbon-containing gases. . Dependence of plasma jet weight-averaged temperature on specific energy input into plasma gas: 1 -Ar; 2 -Ar + 15 % H 2 ; 3 -Ar + 25 % H 2 ; 4 -Ar + 50 % H 2 ; 5 -N 2 ; 6 -air; 7 -air + CH 2 , α = 1; 8 -air + CH 4 , α = 0.4; 9 -air + CH 4 , α = 0.8; 10 -air + CH 4 , α = 0.6; 11 -CO 2 ; 12 -products of carbon dioxide conversion of natural gas; 13 -NH 3 ; 14 -products of steam conversion of natural gas; 15 -H 2 O Figure 6 . Microstructure (×1000) of coating, spray-deposited with PZh R3 material in a complex gas system using plasma-chemical reactor
